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Abstract 

Mesoporous silicon and porous silicon/Ni nanocomposites have been investigated in this work employing 
ight-dark surface photovoltage (SPV) transients to monitor the response of surface charge dynamics to 
illumination changes. The samples were prepared by anodization of a highly n-doped silicon wafer and a 
subseguent electrodepositing of Ni into the pores. The resulting pores were oriented towards the surface with an 
average pore diameter of 60 nm and the thickness of the porous layer of approximately 40 urn. SPV was performed 
on a bare porous silicon as well as on a Ni-filled porous silicon in vacuum and in different gaseous environments 
(0 2 , N 2 , Ar). A significant difference was observed between the light-on' and light-off SPV transients obtained in 
vacuum and those observed in gaseous ambiences. Such behavior could be explained by the contribution to the 
charge exchange in gas environments from chemisorbed and physisorbed species at the semiconductor surface. 
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Background 

Porous silicon (PS) exhibits numerous properties directly 
related to its microstructure, which in turn can be modi- 
fied within a broad range of morphologies. Freshly etched 
PS offers a hydrogen-terminated surface. Due to the high 
surface area and the high reactivity, such as-etched PS 
oxidizes easily. It can be oxidized, e.g., by storing in air 
(native oxide layer) and via thermal or chemical treatment. 
Oxidation is the main aging aspect and therefore, know- 
ledge about the oxidation state of the surface is of import- 
ance. Light illumination decreases the H-termination of 
as-etched samples. Photoirradiation in an oxygen ambient 
causes photo-oxidation at the surface and thus accelerates 
aging of the material. Chemical stability of PS is one of the 
preconditions rendering the material compatible with any 
application for which surface modification is desirable. 

For practical applications of PS in solar cells, light- 
emitting diodes, chemical and gas sensors, etc., it is thus 
desirable to understand the behavior of PS in different 
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ambients. The surface of PS is known to be sensitive to 
the surrounding environments [1-3]. For example, sur- 
face electronic states could be affected by gas species by 
physisorption, chemisorption, or desorption from the 
surface [4,5]. On the other hand, filling of PS with mag- 
netic metals [6,7] is of interest due to both the distinct 
properties of the nanosized deposits and the employ- 
ment of silicon as the base material, key for integration 
in microtechnology. 

In this work, we employed transient surface photovol- 
tage (SPV) to monitor the response of the surface elec- 
tronic structure of PS to the change of ambience. SPV 
probes light-induced variations in the electric potential 
of a studied surface, mostly in semiconductors and insu- 
lators [8]. Surface potential barrier in semiconductors is 
formed due to charges trapped in surface states. The 
illumination-induced changes of the surface barrier de- 
pend strongly on the surface/subsurface electronic struc- 
ture, which, in turn, can be affected by the physisorbed 
and chemisorbed species. In transient SPV experiments, 
the surface potential is monitored as a function of illu- 
mination time which can provide information about the 
different transport mechanisms in semiconductors. SPV 
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is a non-destructive and a highly surface-sensitive tool, 
which can be operated in different environments. A 
number of SPV studies on PS were reported in the lit- 
erature, with most of them performed in ambient air 
[9-11]. Some authors addressed the influence of the surface 
chemistry on the SPV response in PS, revealing depend- 
ence on the microstructure and chemical environment of 
the surface [12-14]. However, there was insufficient experi- 
mental evidence of the influence of the surface environ- 
ment (such as vacuum vs. gas) on the SPV response in PS. 
To address this, in our work, bare PS specimens as well as 
samples with embedded Ni deposits have been measured 
by SPV in vacuum and in different gaseous environments 
(O2, N2, Ar). It was revealed that the illumination-induced 
charge transport mechanisms were strongly influenced by 
the experimental ambiences. The behavior of the SPV tran- 
sients obtained for gaseous environment was significantly 
different from that observed in high vacuum. 

Methods 

The investigated PS samples were fabricated by anodiza- 
tion in aqueous hydrofluoric acid solution. Highly n- 
doped silicon was used as a substrate. The produced 
morphology revealed average pore diameters of 60 nm 
and a thickness of the porous layer of about 40 um as de- 
termined by the scanning electron microscopy (SEM). Ni- 
nanostructures were electrochemically deposited within 
the pores of these templates. The size of the Ni-deposits 
ranged between 60 and 200 nm, whereas their diameter 
always correlated with the pore diameter. Figure 1 shows 
an SEM image of a Ni-filled PS sample with deposits of 
approximately 100 nm in size. Details of the fabrication 
process of the PS/Ni nanocomposite can be found in an 
earlier publication [15]. The light-dark transient SPV was 




Figure 1 SEM image of a Ni-filled PS sample. SEM image (formed 
by back-scattered electrons) of a Ni-filled PS sample with a high 
density of Ni-particles in the pores with an average size of 100 nm. 



employed using a broad-spectrum incident white light, 
which included super-bandgap wavelengths. The surface 
was first allowed to saturate in light, and then to reach 
equilibrium in the dark. SPV signal was monitored using 
the Kelvin probe method, a non-contact technique utilized 
to measure contact potential difference (CPD) between 
the sample surface and the probe [8]. Characterization of 
a bare PS and a Ni-filled PS using SPV transients for dif- 
ferent environments were performed in high vacuum as 
well as in O2, N 2 and Ar. 

Results and discussion 

SPV transients for both types of samples in different 
gases show anomalous spikes of SPV during both 'light- 
on' and 'light-off events (Figure 2). Similar behavior is 
observed for all three gaseous environments. After 
obtaining the SPV transients in these gas ambients, the 
experimental chamber was evacuated and then the SPV 
transients were obtained in vacuum. 

As a result, we observed that the PS surface was very 
sensitive to the experimental ambient, as one can see from 
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Figure 3. In vacuum, the sharp SPV spikes disappeared 
whereas the light-on and light-off saturation times became 
dissimilar. Resolving the SPV transients obtained in gas- 
eous environments on the logarithmic time scale (cf. 
Figure 4), one can see that these curves contain both fast 
and slow components with opposite contributions to 
charge dynamics. The initial fast process in the case of 
light-on and light-off events in the gaseous environments 
occurs over a time scale of tens of seconds, whereas the en- 
tire event until saturation is in the range of thousands of 
seconds. However, the transients observed in vacuum re- 
vealed only one relatively fast process. Since the fast process 
is always present regardless of the ambient conditions, we 
believe that it is related to the charge recombination occur- 
ring in PS. On the other hand, the slow process is present 
only in the gaseous environments suggesting that it might 
be related to the non-vacuum ambient. 

A detailed discussion of fast and slow SPV transients 
can be found in ref. [9]. Coexisting slow and fast charge 
transfer processes were reported for wide-bandgap mate- 
rials and analyzed theoretically by Reschikov et al. in 
[16-18], where it was proposed that the fast and slow 
components arise due to both internal contributions (re- 
lated to surface/interface states) and external phenom- 
ena (related to the ambient environment). We suggest 
that such model could be applicable here considering a 
thin native oxide layer on the silicon surface. It is likely 
that physisorption, chemisorption, or desorption of gas 
species govern the observed charge dynamics. In a gas- 
eous environment, both the internal and external charge 
transfer mechanisms occur in PS simultaneously but on 
different time scales resulting in non-trivial transients. 
The initial fast process during the light-on transient 



could be related to the drift of the illumination-induced 
electrons in Si towards the bulk and holes towards the 
Si/oxide interface due to the electric field in the space 
charge region (cf. [8]). On the other hand, the electrons 
in the trap states at the interface may recombine with 
the flux of holes from the Si side leading to the initial 
decrease of the CPD in the light-on transient. The de- 
crease in the band bending reduces the depletion width 
and the barrier height. More electrons can now cross 
the barrier, tunnel through the oxide layer and become 
captured by the physisorbed gas species at the free sur- 
face and convert them into chemisorbed ones. This in- 
creases the negative charge at the free surface and 
consequently the band bending yielding a slow increase 
in the CPD of the light-on transient. However, when 
similar measurements were performed in vacuum, slow 
components were absent in transients (Figure 3). We 
propose that in vacuum, the physisorbed species could 
be removed from the surface during evacuation. Thus, 
only the PS internal mechanism would contribute to the 
SPV transients in vacuum during the light-on process, 
explaining the observed behavior. 

In addition, our experiments show that there is no dif- 
ference between the SPV transients for the bare and Ni- 
filled PS. This fact indicates that the metal deposits inside 
the pores do not influence the optoelectronic transport 
properties of PS, an important observation considering 
potential multifunctional (magnetic/chemical/pressure) 
sensor applications of Ni-filled PS. 

Conclusions 

In this work, employing transient SPV, we studied charge 
dynamics of mesoporous silicon and Ni-filled mesoporous 
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Figure 3 SPV transients in vacuum, (a) Bare PS. (b) Ni-filled PS. 



1.87 



1.8ft 



/ 




ON 










OFF 


(b) 





Time (sec) 



Granitzer ef al. Nanoscale Research Letters 2014, 9:423 
http://www.nanoscalereslett.eom/content/9/1/423 



Page 4 of 5 




silicon in different gas ambients and vacuum. We 
found that SPV transients for both types of samples 
in gaseous environments showed a non-trivial behav- 
ior during the light-on and light-off events. Vacuum 
transients showed a different behavior without the 
slow component. The time scale of the light-on and 
light-off events in vacuum and in gaseous ambients 
differs by three orders of magnitude. We suggest that 
the observed behavior is related to the charge ex- 
change between the silicon/oxide interface and free- 
surface adsorbates. 
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